An evaluation of Non-Destructive-Testing (NDT) technique based on ultrasonic inspection for selfpiercing riveted (SPR) joints was conducted. A riveted joint is inspected by an ultrasonic continuous wave through a differential piezoelectric transducer operated at a predetermined frequency. The joint quality is evaluated by monitoring variations in the electrical impedance of the transducer represented by both the phase and the amplitude displayed in the complex impedance plane. A range of SPR joints were tested using the NDT technique and the NDT results were compared with laboratory sectioning of samples. It was observed that for some of the aluminium joints with two or three layers, the NDT technique could arguably detect sound and bad joints. The work has also shown that for joints involving very thin aluminium sheets and steel panels, the sensitivity of the technique needs to be improved.
INTRODUCTION
The increase in the use of light weight materials and in particular aluminium alloys, has impelled the development of advanced body joining technologies for the automotive industry. Self-Piercing Riveting (SPR), Resistant Spot Welding of Aluminium (RSWA), Spot Friction Joining (SFJ), etc. have therefore emerged as advanced body joining methods in the automotive industry. Among these, SPR has attracted considerable interest from the automotive industry and has been widely used in aluminium intensive vehicles due to its unique advantages, such as, simplicity, superior fatigue performance, and the ability to join similar or dissimilar materials [1] . Due to its wide application in BIW assembly, the quality and reliability of such joints must be assured. However, as a relatively new joining process, Non-Destructive-Testing (NDT) techniques are not available for self-piercing riveted joints. Currently, sectioning of joints followed by visual and microscopic examination on rivet head height, remaining material thickness, interlock distance, etc, is the only way to examine joint quality and reliability. In order to facilitate the wide application of self-pierce riveting, a suitable NDT technique, which is capable to predict a sound or bad joint, is very much in demand.
Figure 1: Quality Criteria for a SPR Joint with
Although self-piercing riveting is a simple mechanical process, the SPR joint has a very complex shape leading to complexity in assessing the quality of the resulting joint. Currently, laboratory quality examination is based on joint deformation characteristics, as shown Table 1 . Because of the complexity of the deformation characteristics, conventional ultrasound is very difficult to apply for NDT of SPR. Eddy current techniques are also inadequate due to the considerable joint thickness and the presence of different materials that may be introduced when the steel rivet joins aluminium sheets or joining mixed materials between aluminium and steel sheets. Therefore a different approach needs to be proposed. 
Prototype of NDT equipment
Based on the principles shown in Fig. 2 , a prototype of NDT for SPR was produced, as shown in Fig. 3 . The prototype in its current version is designed for manual tests of the SPR joints. Double access where measurement access occurs from both sides of the joints, and single access, where only the rivet head is accessed are available for the prototype. It comprises a digital vector voltmeter module which is controlled by a PC. A user friendly graphical interface programmed in a tablet is used to input all the voltmeter parameters, such as, working frequency, gain and signal filters. The graphical user interface has a display area where the test results are presented in a complex impedance plane (green and red dots in Fig. 4 ). The discrete measurements corresponding to a sequence of tested rivets can be saved in a text file. The spring-loaded SPR-transducer is built into a probe that can be easily centred on the rivet head. The probe has a diameter approx.12 mm and the tip diameter is 8mm which is the same as the rivet head diameter.
During NDT of a SPR joint, the probe is located on top of the rivet head and the SPR transducer excites elastic waves that propagate in different directions to be refracted from the interfaces of the joint, as shown in Fig. 2 . The mechanical load of the SPR transducer depends on the deformation characteristics of the joint, as shown in Fig. 1 . The mechanical load is transformed to electrical impedance which is measured as the output of the transducer and shown on the screen. A special elastic material is applied to provide a reliable and stable dry acoustic coupling between the transducer and the rivet's head. The transducer element is provided with a delay that shifts the rivet head from the element near field to facilitate impedance matching. Transducer design and the configuration of piezoelectric elements are key factors to achieve a satisfactory test result. 
Experiment procedure
The aim of the experimental work at this stage was to evaluate whether this prototype of NDT of SPR could distinguish the difference between two types of comparable joints by locating their singles in different regions. In order to achieve this, a range of joints with different levels of differences that tended to simulate failure during manufacturing were created.
The materials used for this evaluation are aluminium alloys NG5754 and AA6111, as well as high strength low alloy steel HSLA350 with various thicknesses. The rivets are provided by Henrob. Ltd and a Henrob servo riveting gun was used to manufacture all of the samples. In total 5 groups of samples with different levels of differences were created. Each group of samples had an identical stack-up but two different set-ups, that one created good joints whilst the other led to bad joints. The differences between the two set-ups were either rivet parameters or die profiles. Table 2 lists the 5 groups with variations in their stack-ups and set-ups. For confidential reasons, instead of giving the details of set-up, R and D letters are adopted to represent the rivet and die types. Different numbers following the R and D letter simply indicate the differences in either the rivet or die. For each set-up, two samples were sectioned and examined under a light microscope. NDT of SPR was carried out on all samples and the results were compared with the results obtained from sectioned samples. 
Results and Discussion
GROUP 1: Fig. 5 shows the results of sectioned joints from group 1 with two set-ups. The different deformation characteristics of the joints can be seen clearly in the sections. These differences were caused by the use of a different rivet, as shown in Table 1 . For set-up 2, the rivet is longer and harder than that for set-up 1. This led to almost breakthrough failure of the joint for set-up 2, as indicated in Fig. 5(b) . Fig. 6 shows the results obtained from group 1 using the NDT prototype with double access. The values of impedance obtained from the joints with set-up 1 and 2 respectively are located in two well defined regions. The differences in the deformation characteristics of these joints were clearly indicated. If the joints with set-up 1 are defined as the baseline, then the joints with set-up 2 would be indicated as abnormal joints that need further examination. Thus NDT of SPR can be achieved. Fig. 7 shows the NDT results obtained from the same samples but using single access. Although there was a small overlap between the two set-ups, there was a clear trend indicating where the joints with set-up 1 and 2 were respectively. For double access, the probe with the transducer is clamped on the centre of the rivet rigidly, whilst for single access the probe is placed on the centre of the rivet head freely. It should be noted that it was extremely difficult to achieve a repeatable result with the manually placed single access version which led to concerns regarding robust operation in a live situation. These led to better sensitivity of the transducer for the double access than for the single access. Thus the results are more indicative for double access compared with single access. Despite the small overlap, the results still suggested that for this particular stack-up and setups, the NDT could be achieved using this prototype. The group 2 of samples was created using two set-ups that had different die diameter. For set-up 2, the die diameter is 2mm bigger than for set-up 1. This led to different deformation characteristics of the joints. Crosssectioning results shown in Fig. 8 indicated these differences clearly. Compared with set-up 1, set-up 2 led to a lower head height, bigger rivet flaring and a little gap between the two riveted panels. The NDT results with double access and single access shown in Fig. 9 and 10 respectively also indicated the different deformation characteristics by clearly defined two regions. Although the data are more scattered for the double access compared with group 1, whilst there was still a small overlap for single access as for group 1, NDT for this stack-up with these set-ups could still be achieved reasonably well. GROUP 3: Fig. 11 shows sections of the joints from group 3 with three riveted aluminium panels. The only difference between the two set-ups is that set-up 2 had 1.5mm shorter rivets than set-up 1. This led to different deformation characteristics. As shown in Fig. 11(b) , under set-up 2, the joint had a much lower head height and almost no interlock due to the use of a short rivet. The NDT results shown in Fig. 12 and 13 clearly indicated the differences by locating the impedances in different regions. The results therefore suggested that for this aluminium three-layer joint the NDT could also be achieved. Fig. 14 shows the sections of the joints from group 4 with two different set-ups. The rivet for set-up 2 was 1.0mm longer than that for set-up 1. This led to complete breakthrough failure of the sample under set-up 2, as clearly indicated by the sectioning results in Fig. 14 (b) . However, the NDT results shown in Fig. 15 did not have any indication on the differences. This might be attributed to the small thickness of the joints. It is believed that if the total thickness of the joint is too small, the reflected variation as the transducer impedance would then be affected by the background noise. The group 5 samples contained HSLA350 as one of the riveted panels. Sectioning results shown in Fig. 16 clearly indicated the different deformation characteristics of the joints made under set-up 1 and set-up 2. For setup 2 where the rivet was softer than for set-up 1, the joint failed by rivet buckling and breakthrough on one side of the joint. However, similar to group 4, the NDT results obtained from these joints and shown in Fig. 17 failed to indicate any differences in the deformation characteristics. It should be noted here that the total thickness of the joints for group 5 is the same as for the group 1. The difference between the two groups is that in group 5, HSLA was used as the bottom sheet rather than aluminium sheet. This contributed to no indicative NDT results. Therefore it is assumed that the involvement of steel panels in a SPR joint may require a different set-up for this NDT technique. It must be noticed here that it is extremely difficult in lab conditions to simulate failure in practice. Although samples for the trial shown above were produced to simulate the failure modes observed during manufacturing, the differences between the two types of samples were in the rivet length, die diameter, rivet hardness and panel properties. It is obvious that the rivet length and die diameter changes would never happen in practice. In addition, all joints failed in practice are marginal joints originally and failure eventually is normally caused by minor changes in material or rivet properties. The results presented in this paper can only be a start point to open discussion and evaluate further possibilities of NDT for SPR. 
